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ABSTRACT
We have observed the relativistic binary pulsar PSR J1141−6545 over a period of
∼6 years using the Parkes 64m radio telescope, with a focus on modelling the diffrac-
tive intensity scintillations to improve the accuracy of the astrometric timing model.
The long-term scintillation, which shows orbital and annual variations, allows us to
measure parameters that are difficult to measure with pulsar timing alone. These
include: the orbital inclination i; the longitude of the ascending node Ω; and the pul-
sar system transverse velocity. We use the annual variations to resolve the previous
ambiguity in the sense of the inclination angle. Using the correct sense, and a prior
probability distribution given by a constraint from pulsar timing (i = 73±3◦), we find
Ω = 24.8 ± 1.8◦ and we estimate the pulsar distance to be D = 10+4
−3 kpc. This then
gives us an estimate of this pulsar’s proper motion of µα cos δ = 2.9± 1.0mas yr
−1 in
right ascension and µδ = 1.8±0.6mas yr
−1 in declination. Finally, we obtain measure-
ments of the spatial structure of the interstellar electron density fluctuations, including:
the spatial scale and anisotropy of the diffraction pattern; the distribution of scatter-
ing material along the line of sight; and spatial variation in the strength of turbulence
from epoch to epoch. We find that the scattering is dominated by a thin screen at a
distance of (0.724± 0.008)D, with an anisotropy axial ratio Ar = 2.14± 0.11.
Key words: pulsars: general, pulsars: individual (PSR J1141−6545), ISM: general,
ISM: structure
1 INTRODUCTION
PSR J1141−6545 is a relativistic binary pulsar in a
∼4.7 hour eccentric orbit with a young, white dwarf com-
panion (discovered by Kaspi et al. 2000). This system has
proved to be a unique and valuable laboratory for testing
general relativity (GR) in such asymmetrical mass systems
(Bhat et al. 2008; Manchester et al. 2010), and its runaway
velocity is interesting for investigating their formation and
binary evolution mechanisms (e.g. Tauris & Sennels 2000;
Davies et al. 2002; Church et al. 2006). The short orbital pe-
⋆ E-mail: dreardon@swin.edu.au
riod and large centripetal acceleration of this pulsar makes
it ideal for measuring and modelling changes in its scintil-
lation timescale (Ord et al. 2002b) for the purpose of mea-
suring astrometric parameters. Parameters including the in-
clination angle i (and its sense), the longitude of ascending
node Ω, and the transverse velocity are useful for tests of
GR and formation scenarios. We are able to uniquely de-
termine these parameters and estimate the pulsar distance
and proper motion by modelling the long-term scintillation
of PSR J1141−6545 and accounting for anisotropy in the
scattering. This is only possible by exploiting the annual
variations observed with long-term monitoring of the pul-
sar.
c© 2018 The Authors
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Intensity variations caused by interstellar scintillation
are seen in all observations of radio pulsars at centimetre
to metre wavelengths. They are caused by transverse fluc-
tuations in the electron density of the turbulent ionised in-
terstellar medium (IISM). The primary mechanism is in-
terference by waves scattered through diffraction (Rickett
1969). The diffractive scintillations are modulated by refrac-
tive scintillations on larger spatial scales (Rickett et al. 1984;
Romani et al. 1986).
The observed scintillations, which appear as variations
in the source flux with time and observing frequency, are
caused by the spatial diffraction pattern drifting across the
line-of-sight. Thus the time scale of the observed scintilla-
tions τd (typically of order minutes) is inversely proportional
to this drift velocity Vlos, which is the velocity at which the
line-of-sight crosses the IISM (Section 3). The diffraction
pattern is frequency-dependent and becomes decorrelated
over a bandwidth ∆νd. The angular scattering broadens
each pulse into a quasi-exponential pulse with timescale τs,
which is related to the bandwidth by 2pi∆νdτs ≈ 1 (Rickett
1977). Strong diffractive scintillations have a narrow band-
width (typically of order MHz), which is a useful measure
of the strength of scattering and can be used to estimate
the diffractive spatial scale sd (Cordes & Rickett 1998). De-
tailed overviews of pulsar scintillations are given by Rickett
(1990) and Narayan (1992).
Measurements of a dynamic spectrum of intensity scin-
tillation with time and frequency can therefore provide in-
formation on the spatial structure of the IISM, the trans-
verse velocity of the pulsar, and the strength of scattering.
Although scattering occurs throughout the line-of-sight, it
is often dominated by one, or a few, local regions of more
intense scattering.
For solitary pulsars Vlos is often dominated by the pulsar
proper motion and is relatively simple to model, depending
only on the distance from the scattering region to the Earth
(Lyne & Smith 1982). If the pulsar has a binary companion,
orbital dynamics can also be studied from the transverse or-
bital motion. This was first used by Lyne (1984) to measure
the orbital inclination angle of PSR B0655+64 for the first
time. Then Ord et al. (2002b) analysed two consecutive or-
bits of PSR J1141−6545 and found that the time scale varied
smoothly over the orbit, but since they had to assume that
the scattering was isotropic the parameter estimates likely
suffered a bias. The technique was extended to deal with
anisotropic scattering to analyse scintillations of the dou-
ble pulsar PSR J0737−3039A by Coles et al. (2005). It was
further extended by Rickett et al. (2014) to analyze mul-
tiple observations of PSR J0737−3039A over several years,
which requires including the variation of the Earth’s velocity
into the model. We have been provided access to the latter
data and used it to calibrate our analysis against that of
Rickett et al. (2014).
For this work we use the dynamic spectrum as our ba-
sic observable and model the diffractive scintillations of PSR
J1141−6545. The physical parameters measured in this way
are important for testing a variety of theories such as GR and
other boost-invariant theories of gravity (Damour & Taylor
1992). However, poor timing precision currently limits the
measurement of the Shapiro delay, which would otherwise
provide a measurement of the inclination angle and com-
panion mass to further constrain the tests of GR (Bhat et al.
2008). An independent measurement of the inclination an-
gle from scintillation will provide complementary tests of
GR. In addition, the distance to the pulsar is poorly con-
strained at present, so the contamination from kinematic
effects (in this case the Shklovskii effect; Shklovskii 1970)
in the measured relativistic orbital parameters is unknown.
A lower-bound distance estimate of 3.7 kpc was found by
Ord et al. (2002a) using HI absorption spectra and this was
used in the scintillation modelling Ord et al. (2002b). How-
ever Verbiest et al. (2012) showed that distances derived in
this way may be overestimated because of a luminosity bias,
and presented a revised distance estimate of 3 ± 2 kpc (we
take this as an initial value for our models). At this large dis-
tance, the proper motion is too small to be measured with
current timing precision. Further, the white dwarf compan-
ion was not identified in a recent targeted search for binary
pulsar companions (Jennings et al. 2018) in the second Gaia
data release (Gaia Collaboration et al. 2018), which could
have provided independent estimates of distance and proper
motion. For these reasons, both the measured transverse ve-
locity (to estimate the Shklovskii effect) and inclination an-
gle (to constrain the pulsar and companion masses) from
scintillation modelling are particularly useful for improving
the tests of GR with this system.
In this paper we present new short-term and long-term
scintillation models for different scattering geometries, which
are described in Section 3. We compare the evidence for
each of these geometries using Bayesian methods in Section
4. Using the short-term models, in Section 5.1 we demon-
strate that the Earth’s velocity is detectable from scintilla-
tion timescale modulation over a year, and that the relativis-
tic advance of periastron can be measured from scintillation
alone. Our best long-term model, presented in Section 5.2
is a thin scattering screen and includes anisotropy in the
IISM. The annual variation in this model allows us to mea-
sure the orientation of the pulsar’s orbit in celestial coor-
dinates, resolve the sense of the inclination angle, constrain
the scattering anisotropy, determine the distance to the scat-
tering region, and estimate the proper motion of the pulsar.
We compare these results with previous measurements from
scintillation and pulsar timing, provide a revised distance es-
timate to the pulsar in Section 6.1, and predict the contam-
ination in the orbital period-derivative from the Shklovskii
effect in Section 6.2.
2 DATASET
2.1 Observations and dynamic spectra
For this work, we use a selection of archival PSR J1141−6545
observations from the Parkes 64m radio telescope, span-
ning ∼6years from June 2009 to June 2015. The observa-
tions were part of the P361 observing project, which was a
long-term campaign to improve the stringent tests of grav-
itational theories. The data were received with the central
beam of the Parkes 20 cm multibeam receiver, and recorded
either with a digital polyphase filterbank system with a
256MHz bandwidth and 0.25MHz channel width, or a co-
herent dedispersion machine with a 400MHz bandwidth and
0.78MHz channel width. We selected only the observations
which spanned at least 142minutes, so that each observation
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The long-term scintillation of PSR J1141−6545 3
0 100 200 300 400 500 600
1250
1300
1350
1400
1450
1500
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0 0.5 1 1.5 2
Figure 1. A dynamic spectrum of four PSR J1141−6545 observations made on MJD 56391. The four observations cover a combined
∼ 2.2 pulsar orbits. Stretching of the scintles (in black) in time is evident (at e.g. 100 and 400minutes) when the pulsar orbital velocity
reaches a minimum. The vertical white bars are periods between the individual observations, while horizontal white bars and patches
were removed because of radio-frequency interference. The greyscale shows the normalised flux with the black and white limits chosen
to optimise the visualisation of scintles.
covered at least half of an orbit. This yielded 126 individ-
ual observations which we treated as 23 distinct “epochs”
separated by at least 60 days.
A dynamic spectrum for each observation was produced
using the data processing pipeline designed for the upcom-
ing data release 2 (DR2) of the Parkes Pulsar Timing Array
(PPTA; Manchester et al. 2013) project. In brief, observa-
tions of a pulsed noise diode that excites both X and Y po-
larisations in phase are performed before each of the obser-
vations described above, to allow correction of the complex
gain. The noise diode is itself calibrated to absolute flux den-
sity using on- and off-source observations of the bright radio
galaxy Hydra A. Polarisation calibration is done using the
noise diode observations combined with regular observations
of the highly polarised pulsar PSR J0437−4715. To compute
dynamic spectra, we perform a least-squares fit of an ana-
lytic model of the pulse profile in total intensity (Stokes I)
to the observed pulse profile for each sub-integration and
frequency channel. This fit provides the amplitude and its
uncertainty. Because the observed pulsar profiles are already
absolutely calibrated, the amplitude measurement yields the
pulsar flux density directly. In addition, using this analytic
pulse profile simultaneously optimises the signal-to-noise ra-
tio for both the pulse amplitude and time of arrival. The cal-
ibrations and measurements described above are performed
with the psrchive (Hotan et al. 2004) package.
Figure 1 shows the dynamic spectra of four consecu-
tive observations of PSR J1141−6545 on MJD 56391. The
modulation of the scintillation timescale τd caused by the
orbital motion of the pulsar is visible by eye. We char-
acterise the statistics of this spectrum by a two dimen-
sional autocovariance function (ACF). Following convention
(Cordes & Rickett 1998), the half-width at half maximum of
this ACF in frequency is the decorrelation bandwidth ∆νd
and the half-width at 1/e in time is τd. The scale of spatial
variations in the diffraction pattern sd is related to the scin-
tillation timescale by τd = sd/Vlos. The spatial scale is de-
termined by the strength of scattering, which can vary with
time but can be estimated from ∆νd. If the spatial struc-
ture is anisotropic, τd will depend on the angle between the
semi-major axis of the anisotropy and the velocity vector,
which our long-term data is sensitive to.
Fortunately, since ∆νd is a direct measure of the
strength of scattering, this can be used to correct for tem-
poral variations in the spatial scale caused by changes in the
strength of scattering, provided that the anisotropy does not
also change with time. A formalism for using ∆νd to correct
for changes in sd has been provided by Cordes & Rickett
(1998). The near-constant ∆νd for the dynamic spectrum
in Figure 1 shows that the strength of scattering does not
change significantly over the orbital period. This is because
the projected size of the orbit is smaller than the scatter-
ing disk. However we do observe small strength of scattering
changes from epoch to epoch (discussed in Section 2.3) and
we use the scheme of Cordes & Rickett (1998) to account
for this.
We cut each observation into segments < 12minutes in
length (on average they are ∼ 11minutes) and measure the
scintillation timescales and bandwidths for each segment (as
described in the following section). In this way we can mea-
sure the modulation of τd across orbital phase for each obser-
vation. The decorrelation bandwidth ∆νd measurements and
MNRAS 000, 1–17 (2018)
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the grouping of observations into the 23 epochs are shown
in Figure 2. The epoch to epoch variation represents real
changes in the turbulence level of the IISM and is not re-
lated to the motion of the pulsar or the Earth. By com-
parison with the 20 millisecond pulsars monitored by the
Parkes Pulsar Timing Array (Keith et al. 2013) this varia-
tion is quite modest.
The measurements in Figure 2 are from all available
archival observations (with tobs > 24mins) during our se-
lected observing span, not just the 126 observations from
P361 that we use for modelling. This is because many of the
P361 observations have channel bandwidths Bc = 0.78MHz,
which is greater than ∆νd. For these observations the ACF
measurement is not useful but we can use the rms flux over
the spectrum to estimate the true ∆νd. This method is de-
scribed in Section 2.3. The estimates are calibrated by a
scaling factor using observations in the same epoch for which
∆νd > Bc.
2.2 Measurement of τd and ∆νd
We measure the scintillation parameters from ∼11minute
segments of the dynamic spectrum because the scintillation
timescale varies rapidly for the relativistic orbit. We char-
acterise the statistics of these segments using the estimated
autocovariance function (ACF), C(τ, δν). To calculate this
we remove the mean, then pad each segment with an equal
length of zeroes in both dimensions, perform a 2-D FFT on
the zero-padded segment, take the squared magnitude of the
result, and perform an inverse 2-D FFT. We then perform a
least squares fit of analytical models to C(τ, 0) and C(0, δν)
to obtain τd and ∆νd respectively. First we fit C(τ, 0) with
C(τ, 0) = A exp
(
−
∣∣∣ τ
τd
∣∣∣ 53)Λ(τ, Tobs), for τ > 0 (1)
C(0, 0) =W + A.
where Tobs is the length of the segment (∼11minutes),
Λ(τ, Tobs) is the triangle function of length ±Tobs, and W
is the variance noise spike. This function is a slight mod-
ification to the previous standard of a Gaussian function
(Cordes & Rickett 1998), where the exponent of 5/3 gives
better fit to the shape of Kolmogorov scintillations (e.g.
Coles et al. 2005, 2010; Rickett et al. 2014). This does not
bias the estimate of τd, but slightly reduces its uncertainty.
After obtaining A, W , and τd, we keep A and W constant
because we typically have marginal resolution in frequency
and it is easier to isolate the noise spike using the time cut,
C(τ, 0). We then fit C(0, δν) with
C(0, δν) = A exp
(
−
∣∣∣ δν
∆νd/ln 2
∣∣∣)Λ(δν,B), for δν > 0 (2)
C(0, 0) =W +A
to obtain ∆νd, where B is the receiver bandwidth.
This fitting provides straightforward estimators of τd
and ∆νd, which are easily checked manually, but the least
squares fit is not optimal because samples of the observed
ACF are heavily correlated. We therefore repeat the fit using
the same analytical models, but we perform the fit in the
Fourier transform domain where we simply transform the
autocovariance function and the models.
The 2-D FFT of C(τ, δν) is the power spectrum (or
secondary spectrum) P (fdop, tdel), where the dimensions are
the differential time delay tdel and the differential Doppler
shift fdop of the interfering waves. To obtain τd from this
data we first sum P (fdop, tdel) over the tdel dimension and
divide by the number of samples Ndel and then we fit the
transform of Equation 1. As before we hold A and N fixed
from this fit before obtaining ∆νd by summing P (fdop, tdel)
over the fdop dimension, dividing by the number of sam-
ples Ndop, and fitting the resulting power spectrum with
the transform of Equation 2.
The errors on these average power spectra are inde-
pendent, but not equal. In fact they are proportional to
the average power spectra itself, so we use a weighted least
squares fit with the models providing the weights. This ap-
proach provides a second (but not independent) estimator
for both τd and ∆νd for which we believe the measurements
and uncertainty estimates are more reliable. We check that
the two methods agree within the uncertainty of the second
method and review the dynamic spectra if they do not. For
this work we use the τd and ∆νd measurements from this
Fourier-domain method.
2.3 The effects of inhomogeneity in the IISM
The primary physical mechanism underlying scintillation is
angular scattering by small scale irregularities in electron
density that is diffractive in nature. Observations that are
sensitive to the spectral exponent of the power-law of density
fluctuations have shown a Kolmogorov spectrum truncated
at an inner scale (e.g. Armstrong et al. 1995; Rickett et al.
2009). Thus it has been assumed that the microstructure in
the IISM is turbulent in origin and by default they have been
assumed homogeneous. However more recent observations of
phenomena such as extreme scattering events (ESEs) (e.g.
Fiedler et al. 1987; Coles et al. 2015) suggest that the turbu-
lence is often inhomogeneous or that inhomogeneous struc-
tures that dominate the scattering are often present at some
place on the line of sight from the source to the observer.
Furthermore the spatial structure is now often found
to be localised (along the line-of-sight) and anisotropic,
for example through analysis of parabolic arcs in the two-
dimensional fourier transform of the dynamic spectrum that
were first discovered by Stinebring et al. (2001). This has
been called the “secondary spectrum” or the “delay-Doppler
distribution” because its axes are the differential Doppler
shift and the differential time delay of the interfering waves
that cause the intensity variations (e.g. Walker et al. 2004;
Cordes et al. 2006; Brisken et al. 2010). The parabolic arcs
occur when the scattering is dominated by a compact local
region on the line of sight. We have analysed the secondary
spectra for PSR J1141−6545 and found no clear parabolic
arcs that could be used provide information on the scatter-
ing geometry, likely because of unfavourable sampling. Arcs
will be displayed only when dynamic spectra are significantly
oversampled in both time and frequency. Thus we have no a
priori evidence from our observations for a particular scat-
tering geometry to use in our models of the scintillation ve-
locity.
The spatial scale of the diffractive scattering, sd is
defined as the transverse separation where incident waves
have a 1 radian rms difference in phase. The width of the
angular scattering is then θd ≈ 1/(ksd), for incident ra-
MNRAS 000, 1–17 (2018)
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Figure 2. Decorrelation bandwidth (∆νd) as a function of time for all archival observations in a ∼6 year span with a total observing time
of at least 24minutes at ∼1400MHz for PSR J1141−6545. The data are split into 23 epochs separated by vertical, dashed lines. Each
epoch contains multiple individual observations, and the dynamic spectra for these were cut into ∼11minute segments. Black crosses are
the measured ∆νd for each segment where Bc < ∆νd for channel bandwidth Bc. Grey circles are a flux-based estimate of ∆νd from the
procedure described in Section 2.3 for segments where Bc > ∆νd. The measurements and estimates were used to calculate a weighted
mean value of ∆νd for each observing epoch. The anomalous region just before MJD 55500 is primarily over-estimated because of poor
dynamic spectra quality because of terrestrial radio interference in some observations at this time. This does not significantly affect the
weighted mean for this epoch.
diation with wavenumber k (Rickett 1990). The radiation
received by the observer arrives from a scattering region
of diameter sr = θdDe, where De is the distance to the
scattering screen from the observer. The intensity will also
show variations from refraction, with a spatial scale equal
to the diameter of this scattering region (the refractive
scale). We estimate the size of the scattering region sr from
sr/rF =
√
ν/∆νd, where rF =
√
De/k is the“Fresnel scale,”
and find sr ≈ 108 km (AU-scale) for scintillation bandwidth
∆νd = 0.36MHz (mean from Figure 2) and approximate dis-
tance De ∼ D = 3kpc (Verbiest et al. 2012). Because the
projected size of the orbit is 5.6 × 105 km at this distance,
the scattering disk is much larger than the orbital diameter
regardless of the location of the scattering screen or a sig-
nificant error in the pulsar distance. So for a single binary
orbit, the line of sight to PSR J1141−6545 does not travel
outside of the scattering region. Therefore we do not expect
the strength of scattering or the anisotropy of the IISM to
change during a single orbit. However epoch-to-epoch vari-
ation must be expected if the line-of-sight velocity through
the scattering region is & 10 kms−1, since in the ∼ 100 days
between epochs it will traverse the refractive scale sr.
We compute the weighted mean and the rms of ∆νd
at each epoch, but we find that the apparent value of ∆νd
depends on the channel bandwidth Bc. In a few epochs we
have observations with Bc = 0.78MHz and also with Bc =
0.25MHz. In these cases ∆νd should be the same, but the
estimator determined from the ACF saturates near Bc and
typically is close to 0.3MHz. Unfortunately many of our
observations are made with Bc > ∆νd. In this case fitting
the ACF does not provide a useful estimate, but we know
that the intensity variance VI will be reduced by a factor of
∆νd/Bc. When Bc < ∆νd we know that VI =M
2
I whereMI
is the mean intensity. So when Bc > ∆νd we can use ∆νd =
FcBcVI/M
2
I , where Fc is a calibration factor that is needed
because the method depends on the actual shape of the ACF.
We use the epochs for which we have observations with two
different values of Bc to determine Fc = 0.82. This is shown
in Figure 2, where the direct ∆νd measurements are in dark
grey, the scaled estimates from VI are in light grey, and
the resulting weighted mean ∆νd for each epoch is in black.
This technique was also used briefly by Kerr et al. (2018),
but they had insufficient data to determine the calibration
factor Fc. We show here for the first time that the method
works well enough to detect small changes in bandwidth and
generally agrees well with the direct measurement of ∆νd
from the ACF.
3 THE MODELS
In this section we describe how we use the procedure of
Cordes & Rickett (1998) and a model of the line-of-sight ve-
locity to describe the time variation of τd and ∆νd. The
equations describing the variation of τd over a binary orbit
are very non-linear in the physical parameters and it is not
obvious a priori how many parameters can be estimated from
one orbit. However Rickett et al. (2014) showed that the or-
bital variation of τd when the scattering is anisotropic, can
be described by 5 harmonic coefficients. In addition one can
measure ∆νd which provides an independent degree of free-
dom. So at best one can model only six parameters which
must include: sd, the axial ratio of anisotropy Ar, the angle
of anisotropy ψ, the distance to screen s, and two constant
components of the velocity Vx, and Vy. If Ar is small, then
ω and i can also be measured at each epoch. Rickett et al.
(2014) also showed that it was possible to use the shape
of the ACF to independently measure the anisotropy, thus
providing two more degrees of freedom. However our ACF
estimates are not sufficiently accurate to take advantage of
this option.
MNRAS 000, 1–17 (2018)
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Figure 3. Scintillation velocity, VISS as a function of true anomaly for the 23 epochs of observations shown in Figure 2. The title of each
panel gives the approximate starting date for the first observation in the group. VISS is defined as the scintillation velocity observed at
the Earth for a uniform, Kolmogorov medium along the line-of-sight (Equation 3). The solid line for each panel is the best fit physical
model, which is described in Section 3.1.
For a long-term analysis we can also use the variation
of the Earth’s velocity over the year, and the known rela-
tivistic advance of the longitude of periastron (from precise
pulsar timing; Bhat et al. 2008), to provide additional con-
straints. Of course one must re-estimate sd from ∆νd at each
epoch because the strength of scattering is likely to change
on a spatial scale of AU; the estimated size of the scattering
region.
The model of Cordes & Rickett (1998) is designed to
account for variations in the strength of scattering, which
will change the ∆νd and consequently τd. They define a
“scintillation velocity” VISS, which is the ratio of the spatial
scale of the diffraction pattern at the observer sd, to the
temporal scale τd. This VISS can be modelled if one knows
the distribution and velocity of interstellar plasma along
the line-of-sight. We considered two simple models for the
plasma distribution:
Uniform medium: A continuous, uniform distri-
bution of plasma with Kolmogorov turbulence along the
line-of-sight.
Thin screen: A single compact “blob” of plasma with
MNRAS 000, 1–17 (2018)
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Kolmogorov turbulence, the “scattering screen”, at some
position s between the pulsar at s = 0 and the Earth at
s = 1.
We also assume that the density irregularities origi-
nate from turbulence and are described by a Kolmogorov
spectrum. Cordes & Rickett (1998) derive the spatial scale
sd given the observed decorrelation bandwidth ∆νd for both
of these models, assuming that the scattering is isotropic.
In general the scintillation velocity is given by
VISS = AISS
√
D∆νd
fτd
, (3)
where D is the distance to the pulsar in kiloparsecs, f is the
observing frequency in GHz, ∆νd is in MHz, and τd is in
seconds. The factor AISS depends on the assumed geometry
of the scattering medium and on the exponent of the density
spectrum. For a uniform medium, AISS = 2.53×104 kms−1,
while for a thin screen, AISS = 2.78×104
√
2(1− s)/s km s−1
(Cordes & Rickett 1998). We also include the extension to
anisotropic scattering that was first presented by Coles et al.
(2005) in both of our models.
VISS (Equation 3) is related to the effective transverse
line-of-sight velocity Veff(s) through the scattering medium
at position s, which is a linear combination of the pulsar,
Earth, and IISM velocities:
Veff(s) = (1− s)(Vp + Vµ) + sVE − VIISM(s), (4)
where Vp, Vµ, VE, and VIISM are the velocities from the
pulsar’s orbit, the pulsar proper motion, the Earth, and
the IISM respectively. Each is relative to the Solar system
barycentre, and the IISM velocity can vary as a function of
distance along the line-of-sight, s, for extended scattering. In
Appendix A we describe the model for Veff , which includes
the definitions for the pulsar orbital velocity, the orientation
of the orbit in celestial coordinates, and the extension to
anisotropic scattering developed by Coles et al. (2005).
In addition to these models that we use for the long-
term scintillation, we also consider the short-term model
of Ord et al. (2002b) for each of the 23 epochs of observa-
tions in Figure 3. This physical model necessarily assumes
isotropic scattering, but we also fit the harmonic coefficient
model of Rickett et al. (2014), which is useful for under-
standing sources of noise in our long-term analysis. Both
of these models are summarised in Section 3.1 with results
given in Section 5.1.
Each scintillation velocity model includes a single con-
stant component, which (from Equation 4) is VC = (1 −
s)Vµ − VIISM for a thin screen (for a uniform medium there
is an appropriate integration over s with VIISM(s); Appendix
A, Equation 9). The proper motion of PSR J1141−6545 is
not currently known from pulsar timing, however we ex-
pect that the transverse velocity of the pulsar system (Vµ)
is larger than any IISM velocity (VIISM), since the latter
may be of order ∼ 10 kms−1. Therefore if we parameterise
VC with only Vµ in our models (i.e. by setting VIISM = 0 in
Equation 4), the measurement will include a contamination
from any non-zero VIISM. So when interpreting our measure-
ment of Vµ as the proper motion, we would implicitly make
the assumption that the velocity of the scattering screen is
small compared with Vµ, i.e. VIISM << (1−s)Vµ. To account
for this, we include a conservative 10 km s−1 factor added in
quadrature to the measurement uncertainty of each compo-
nent of Vµ.
The parameters in our long-term Veff model that are
unknown from pulsar timing of PSR J1141−6545 are s, i,
Ω, vµ,‖, vµ,⊥, R, and ψ. The subscripts ‖ and ⊥ denote coor-
dinates parallel and perpendicular to the line of nodes of the
pulsar’s orbit (Appendix A). We also require a scaling fac-
tor κ to account for any systematic errors in the calculation
of sd from ∆νd. The constraints from the known Earth’s
velocity and ω˙ provide the additional degrees of freedom
required to uniquely determine these parameters in a long-
term analysis. For the uniform medium model we have one
fewer parameter because we integrate over s (Equation 9 in
Appendix A). For the case of isotropic scattering, which we
consider for both the uniform medium model and the thin
screen model, we have R = 0 (reducing the model to Equa-
tion 15 in Appendix A, scaled by the factor κ). However, we
also found in Section 2.3 that it is necessary to re-estimate
the spatial scale from ∆νd at each epoch because of AU-scale
inhomogeneities in the IISM.
The calculation of the spatial scale from these ∆νd
measurements is imperfect, and Rickett et al. (2014) found
some disagreement between ∆νd and the spatial scale (by
analysing the harmonic coefficients described in the follow-
ing section). To account for this, and some other correlated
time-variability in properties such as the anisotropy and
IISM velocity, we chose to use a scaling factor at each epoch.
To do this, we scaled the data for each epoch to the mean
VISS, then fitted for the mean scaling factor κ between the
model and scaled data. Ideally κ would then represent the
major systematic biases in the model, such as from an in-
accurate assumed pulsar distance, while the scaling at each
epoch accounts for time variations in sd and perhaps some of
the variation due to changing anisotropy and IISM velocity.
3.1 Short-term models of earlier work
For the first scintillation analysis of PSR J1141−6545,
Ord et al. (2002b) modelled the dynamic spectrum for a sin-
gle 10 hr observation. From this dynamic spectrum they de-
rived the VISS of Cordes & Rickett (1998) (Equation 3), and
modelled this using only the pulsar’s orbital velocity com-
ponents (vµ,‖ and vµ,⊥; Appendix A, Equation 11), with
a scaling factor κu. They assumed that the scattering was
isotropic and the velocity model was then given by
Vmodel = κu
√
v2
p,‖ + v
2
p,⊥, (5)
with κu, i, ω, vC,‖, and vC,⊥ being the five fitted parameters.
We use vC,‖ and vC,⊥ here instead of vµ,‖ and vµ,⊥ because
they will include a contribution from the Earth’s velocity,
and as a result will show annual variations with time. The
parameter κu can be used to absorb any errors in the calcula-
tion of VISS, such as from an incorrect pulsar distance, which
is what we intend for κ of the long-term models (Equation
17). However, since the pulsar velocity in this model is not
scaled by a screen distance s because the Earth’s velocity is
not included to constrain it, one could also interpret κu in
this case as a scale factor for AISS. In this interpretation, κu
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is also related to the screen distance s and can account for
different scattering geometries provided they are isotropic.
We repeat this analysis of Ord et al. (2002b) as de-
scribed above for each of the 23 epochs of observations and
we refer to this as the single-epoch “physical model”. We
present the results from this model in Section 5.1 and show
that this approach can also be used to measure the advance
of periastron ω˙.
Like PSR J1141−6545, which we analyse here, the dou-
ble pulsar PSR J0737−3039A shows orbital modulation of
the scintillation timescale, which was first measured and
modelled by Ransom et al. (2004). The analysis was ex-
tended to include anisotropy in the IISM by Coles et al.
(2005) and further extended to include the Earth’s velocity
by Rickett et al. (2014), who also showed that the modula-
tion of 1/τ 2d with orbital phase can be modelled as the sum
of five harmonics
1
τd(φ)2
= K0+KS sinφ+KC cosφ+KS2 sin(2φ)+KC2 cos(2φ),
(6)
where the harmonic coefficients contain all of the informa-
tion on the diffractive interstellar scintillation available in
the data. The relationship between these coefficients and the
physical parameters of the scattering and velocity are given
in Equation 10 of Rickett et al. (2014) and are reproduced
in Appendix A (Equation 18)
It is useful to note that each of the coefficients are
inversely proportional to s2d, and that KS2 and KC2 are
constant with time for a constant anisotropy. Rickett et al.
(2014) used these facts to normalise the coefficients by KC2,
which corrects each one for changes to the spatial scale sd
with time and with observing frequency. This allowed them
to model observations at multiple observing frequencies si-
multaneously.
We have measured these normalised harmonic coeffi-
cients (k0 = K0/KC2, kS = KS/KC2, kC = KC/KC2, and
kS2 = KS2/KC2) for each epoch of PSR J1141−6545 obser-
vations. The results are shown in Figure 4. It is worth noting
that in the case of isotropic scattering (with a = b = 1 and
c = 0), kS only changes with time because of VC,‖ (ignor-
ing ω˙), kC changes with VC,⊥, and kS2 = 0. While we do
find that kS2 is consistent with zero on average (Figure 4),
there is some variation that is correlated with variations in
the other normalised parameters. Since kS2 is constant with
orbital phase (for a constant anisotropy over the orbit), this
indicates epoch-to-epoch variation to the anisotropy, which
is an unmodelled source of noise in our data (as well as most
scintillation observations). Because kS2 = 0 on average, we
can also see that our long-term model must be consistent
with c = 0, and thus should indicate that the scattering is
isotropic, with R = 0, or anisotropic with orientation near
ψ = 0◦ or ψ = 90◦.
The harmonic coefficient model for each epoch was
found with a linear least squares fit, while the physical model
of Ord et al. (2002b) was fitted with nonlinear regression
(using the lsqnonlin function in Matlab) because this was
a convenient way to propagate uncertainties to the physical
parameters. For the long-term models we use Bayesian meth-
ods for determining parameter uncertainties and performing
model selection, as described in the following Section.
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Figure 4. The normalised harmonic coefficients derived from a
fit to VISS(φ) at each observing epoch, as described in Section
3.1. A colour version of this figure is available through the online
journal.
4 BAYESIAN INFERENCE AND MODEL
SELECTION
Bayesian methods have recently become popular for
analysing astrophysical datasets because they can provide a
robust means for parameter estimation, model selection, and
visualisation of parameter correlations. An introduction to
Bayesian inference, with examples taken from gravitational-
wave astronomy, is given in Thrane & Talbot (2018). In
brief, we aim to estimate the posterior probability distri-
bution P (θ|d) for our set of model parameters θ, given our
data d, using Bayes theorem:
P (θ|d) = P (d|θ)P (θ)
Z
, (7)
where P (d|θ) is the likelihood function of the data given
the set of parameters of a model, P (θ) is the prior prob-
ability distribution for the parameters, and Z ≡ P (d) =∫
P (d|θ)P (θ)dθ is the fully-marginalised likelihood function
or“evidence”. For a single model, the evidence Z is a normal-
isation factor that is often ignored, but it becomes meaning-
ful when comparing evidences for multiple models. For each
model of scattering geometry, we sample P (θ|d) and esti-
mate Z with the sampler of Veitch & Vecchio (2010), imple-
mented in MATLAB by Pitkin & Romano (2013), with 1000
initial sample points and a multivariate Gaussian likelihood
function.
We initially used a uniform prior for each parameter
across a physically-motivated bound region: Ω ∈ [0, 2pi),
cos i ∈ [−1, 1], vµ,‖, vµ,⊥ ∈ [−2000, 2000] km s−1, R ∈ [0, 1),
ψ ∈ [0, pi), κ ∈ (0, 3], and s ∈ (0, 1). However, for the
anisotropic uniform medium model, we found that the re-
sulting solution was non-physical (because the measured in-
clination angle i = 48.6 ± 1.9◦ is ruled out by timing anal-
ysis), suggesting that the model is incorrect. To test this,
we also consider each of these models with a Gaussian prior
probability distribution on i with mean and standard devia-
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tion 73±3◦1. This prior corresponds to the 2σ range derived
using GR in Bhat et al. (2008). We choose this 2σ range be-
cause the estimate in Bhat et al. (2008) did not account for
correlations between i and other parameters in the timing
model, because it was not a true measurement of the Shapiro
delay.
We also found that there are significant correlations be-
tween i, vµ,⊥, and R (Figure 8, which has also been reported
previously, e.g. Coles et al. 2005; Rickett et al. 2014). Using
the Gaussian prior distribution on i allows us to constrain
the models to something physical, given that the anisotropy
is completely unconstrained a priori. In addition vµ,⊥ and R
likely have some unmodelled time-dependence, which may
contribute to a bias in these parameters and correlated pa-
rameters such as i. Using this Gaussian prior will therefore
give a more reliable estimate of the anisotropy and pulsar
velocity.
4.1 Bayes factors
For the purpose of model selection, we choose the null hy-
pothesis to be isotropic scattering by a thin screen with a
uniform prior for cos i. This can be considered as the stan-
dard model for scintillation velocity analysis, but this is often
out of necessity because of degrees-of-freedom constraints.
We use the Bayes factor K to quantify the evidence for (or
against) our test models. This Bayes factor is the ratio of
model evidences, which we choose to quote as the difference
between log-evidences
logK = logZh − logZ0, (8)
where Z0 and Zh are the evidence for the null hypothesis
and test model respectively.
There are numerous suggestions for how to interpret
the strength of evidence for a model, given a Bayes factor
(e.g. Jeffreys 1998; Kass & Raftery 1995). |logK|> 8 is com-
monly used as a significance threshold, while |logK|> 20
can be considered “strong” evidence for one model over the
other, with the sign indicating which model is favoured
(Kass & Raftery 1995). However, for this work we find that
the magnitude of Bayes factors are much greater than these
contentious thresholds.
In Table 1 we show the logK for each long-term model
with respect to the isotropic thin screen. In the top half
of this table we show the values obtained with a uni-
form prior for cos i. This shows that the isotropic uniform
medium is decisively ruled out, while the anisotropic thin
screen and anisotropic uniform medium are strongly pre-
ferred by the data. Although there is strong evidence for the
anisotropic thin screen over the anisotropic uniform medium,
with logK = 28.3, we also reconsidered these models with a
Gaussian prior on i to help constrain these models to phys-
ical solutions. The Bayes factors for these models are in the
lower half of Table 1 and show that only an anisotropic thin
screen is favoured over the isotropic screen.
Finally, to quantify the evidence for our measurement of
1 Although each model with a uniform cos i prior returned a
unique solution with i < 90◦, we also considered the opposite
sense for i, with a Gaussian prior of 107 ± 3◦ to quantify the
strength of evidence for the measurement of the sense.
Table 1. Model comparison with Bayes factors (logK, Equation
8) relative to the standard model of an isotropic thin screen.
Geometry logK
Uniform cos i prior
Isotropic screen 0
Isotropic uniform −292.0
Anisotropic screen 82.9
Anisotropic uniform 54.6
Gaussian i prior: 73 ± 3◦
Isotropic screen −4.6
Isotropic uniform −426.5
Anisotropic screen 82.1
Anisotropic uniform −64.0
the sense of the inclination angle, we also considered Gaus-
sian priors of 107±3◦ with each model. Each model strongly
favours i < 90◦, for example comparing the two priors for
the anisotropic thin screen we have logK = 178.6 in favour
of 73± 3◦.
The decisive evidence for anisotropic scattering reflects
the fact that a long-term analysis such as this is highly sen-
sitive to changes in τd as a function of the position angle of
Veff . This is particularly true because the annual variation
is completely known except for a scale factor, and this is
also the reason for such strong evidence for the thin screen
model and inclination < 90◦. This highlights the importance
of annual variations for modelling scintillation velocities.
5 RESULTS
Here we present and compare the various scintillation mod-
els for PSR J1141−6545. We first fitted each of the 23 epochs
separately with a sum of five harmonics of orbital phase,
which are described in Rickett et al. (2014) and in Section
3.1. We then fit a physical model for isotropic scattering
to each epoch (Section 3.1), which provided measurements
of ω and VC over time to clearly show that the relativistic
advance of periastron and the modulation from the Earth’s
velocity can be recovered in the data. These models are pre-
sented below in Section 5.1.
We then held the periastron advance fixed at
the precisely-measured value from pulsar timing, ω˙ =
5.3096 ◦yr−1 (Bhat et al. 2008), and calculated the compo-
nents of the Earth’s velocity (VE) transverse to the line-of-
sight of PSR J1141−6545 for each observation. We combined
the 23 epochs of data and fit several long-term scintillation
models, using the additional degrees of freedom provided by
ω˙ and VE to help constrain additional parameters including
the scattering anisotropy (R and ψ) and the longitude of
the ascending node Ω. We fit these long-term velocity mod-
els for two distributions of Kolmogorov turbulent plasma
along the line-of sight: A uniform distribution, and a thin
screen. The uniform medium models are ruled out with high
significance, as is purely isotropic scattering (see previous
Section). We present our long-term anisotropic thin screen
model in Section 5.2 for two prior probability distributions
on the inclination angle.
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Finally, we have included in Appendix B the links to
access the data (raw observations and processed dynamic
spectra) used for this work, as well as the MATLAB code
used for the analysis for the purpose of reproducibility, in-
cluding the scripts used to measure scintillation parameters
from the dynamic spectra and fit the scintillation velocity
as described in the previous section.
5.1 Individual epochs
For each epoch of observations shown in Figure 3, we fit
the VISS of Equation 3 as a function of orbital phase φ,
with a sum of five harmonics (Section 3.1). The resulting
normalised harmonic coefficients are given in Figure 4 as
a function of time. In the case of PSR J0737−3039A, the
inclination of the orbit is essentially edge-on, which means
that kC and kS2 are almost zero (Rickett et al. 2014). This
is not true for PSR J1141−6545, but we do still find that
the mean of kS2 is close to zero. This suggests that the scat-
tering may be nearly isotropic since kS2 is independent of
the changing pulsar and Earth velocities. There is however
some time variability in kS2, which is correlated with some
other normalised harmonic coefficients. This may be due to
time variability in the anisotropy, which one would expect
even from random realisations of a truly isotropic medium.
This time variability is a source of noise for the long-term
scintillation models. This may be the primary reason for a
large reduced chi-squared value (χ2r ∼ 2.3) for the long-term
models (e.g. Figure 7).
Considering the evidence for isotropic scattering is im-
portant because the single-epoch physical model (Ord et al.
2002b) depends on it. With only five degrees of freedom
available from a single epoch of observations, accurate mea-
surement of the pulsar proper motion and inclination angle
can only be made for isotropic scattering (Coles et al. 2005).
We therefore fit this physical model to each of the epochs
under the assumption of isotropic scattering to obtain a time
series for each of the physical parameters described in Sec-
tion 3.1.
There are four possible solutions for each epoch, arising
from a known degeneracy between the proper motion and
inclination angle (Lyne 1984). This produces a more edge-
on solution with higher proper motion and a more face-on
solution with lower proper motion, and their corresponding
pairs with an opposite “sense” of inclination about i = 90◦.
Ord et al. (2002b) considered only the i < 90◦ solutions and
determined the more edge-on solution to be favorable using
the implied pulsar mass. For each of our fits we also take
the i < 90◦ solutions, and we show in Sections 4.1 and 5.2
that this is physical. The measurement of ω is unaffected
by these degeneracies. The time series of our fitted ω values
is shown in Figure 5. The clear gradient is the relativistic
advance of periastron, ω˙ = 5.6 ± 0.3 ◦/yr, and is close to
the measurement of pulsar timing ω˙ = 5.3096 ± 0.0004 ◦/yr
(Bhat et al. 2008). We find that κu and i are constant with
time with the exception of random variations similar to those
seen in the harmonic coefficients (Figure 4). The locus of
the two solutions in inclination angle from these degenerate
solutions are i = 80.1 ± 1.1◦ and i = 71± 3◦, and the mag-
nitudes of their corresponding velocities are 76 ± 3 km s−1
and 44± 2 kms−1 respectively. These inclination angles are
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Figure 5. The longitude of periastron, ω as a function of time,
measured independently at each of the 23 epochs shown in Figure
3. The solid line is a weighted best fit, where the gradient, ω˙ =
5.6±0.3 ◦ yr−1, is the advance of periastron and is consistent with
the measurement from pulsar timing (dashed line).
both consistent with the previous scintillation measurement
of 76± 2.5◦, to within about 1σ of both measurements.
The time-series of VC components for the more edge-on
solution is shown in Figure 6 to demonstrate the clear annual
variation, however we do not comment on which solution is
physical because these parameters are highly correlated with
R and are therefore both biassed under the assumption of
isotropic scattering. The reduced chi-squared value for these
solutions (across all epochs, with total number of parameters
m = 115; five per epoch), is ∼ χ2r = 1.5, suggesting that
either the measurement errors for scintillation parameters
are underestimated or there is excess noise in the data. The
χ2r for individual epochs with observations spanning several
days is generally higher than the few epochs with a single
day, which is usually close to unity. It is therefore likely
that the cause is small random changes in the scattering on
a timescale of ∼days, such as variations to the anisotropy
(which we would expect even from isotropic scattering).
5.2 Long-term model: Anisotropic thin screen
The annual variations of VISS, which are clear in the single-
epoch models shown in Figure 6, are due to the known VE
and can be included in our long-term model. This provides
additional constraints that break the usual degeneracies be-
tween i and vµ,⊥, and in the sense of i. It also provides
the additional degrees of freedom required to measure the
scattering anisotropy.
Any anisotropy cannot be accounted for by measuring
a single epoch of VISS alone because there are too few de-
grees of freedom available for the additional two parame-
ters. Instead, Coles et al. (2005) was able to use the cor-
related scintillations of both pulsars in the double pulsar
system at their apparent closest approach (when the mag-
netosphere of pulsar B eclipses pulsar A) to produce a spa-
tial correlation pattern that revealed the anisotropy. Later,
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Figure 6. Components of the constant (with orbital phase) trans-
verse velocity parallel (vC,‖, top panel) and perpendicular (vC,⊥,
bottom panel) to the line of nodes for each observing epoch. The
measured velocity is a scaled combination of the Earth and IISM
velocities and the pulsar proper motion. The Earth’s contribution
is apparent from the clear annual modulation. The solid line is
a weighted best fit annual sine wave to each of the time series.
The diamonds are the calculated Earth’s velocity at each epoch,
scaled down by a screen distance s = 0.36 ± 0.07, and rotated
from celestial coordinates by Ω = 25± 10◦, according to the fit.
Table 2. Measured and derived parameters for the long-term
scintillation model of an anisotropic thin screen, using two differ-
ent priors for the inclination angle i. The Gaussian prior had a
mean and standard deviation of 73◦ and 3◦ respectively, corre-
sponding to the 2σ confidence region of (Bhat et al. 2008). The
value given in brackets are the uncertainty on the last quoted
decimal place. The uncertainties for our measurements of vµ,‖
and vµ,⊥ have been inflated with 10 kms
−1 added in quadrature
to account for possible contributions from an unknown VIISM of
approximately this magnitude.
Measured parameters
Inclination angle prior
Uniform cos i Gaussian 73 ± 3◦
κ 0.432(17) 0.496(14)
s 0.299(9) 0.276(8)
Ω (◦) 27.1(18) 24.8(18)
i (◦) 61.3(20) 68.6(1.1)
vµ,‖ (km s
−1) 21(11) 19(11)
vµ,⊥ (km s
−1) 242(23) 173(15)
ψ (◦) 87.8(3) 86.8(4)
R 0.77(3) 0.64(3)
Derived parameters
Ar 2.80(18) 2.14(11)
Mp (M⊙) 1.18(2) 1.242(8)
Mc (M⊙) 1.11(3) 1.047(8)
D (kpc) 12+4−3 10
+4
−3
µα cos δ (mas yr−1) 3.3(10) 2.9(10)
µδ (mas yr
−1) 2.1(6) 1.8(6)
Rickett et al. (2014) was able to use the annual variations
in the harmonic coefficients for PSR J0737−3039A to mea-
sure the anisotropy and determine the sense of the inclina-
tion angle by comparing the two models with inclinations
fixed by the sin i measurement from pulsar timing. They
also showed that the anisotropy and IISM velocity (because
the proper motion velocity was known from timing) could
be measured from a model of the individual ACFs alone,
but that the measurements differed from the average value
obtained with long-term fitting, suggesting some weakness
in the model and difficultly in confidently determining the
anisotropy. The annual variation approach is equivalent to
the long-term physical models we use here, but we do not
have sufficient frequency resolution to use the ACFs of PSR
J1141−6545 for an independent anisotropy estimation. For-
tunately though, our data are sensitive to the changing spa-
tial scale for different orientations of the rotating velocity
vector, and we have been able to rule-out a purely isotropic
model with high significance.
Our best-fit long-term model, which has an anisotropic
thin screen and includes a Gaussian prior on inclination an-
gle, is shown as VISS(φ) in Figure 7. The model parameters
are given in the second column of Table 2. The full posterior
probability distributions for these parameters are shown in
Figure 8. Each observation epoch has been independently
scaled to the mean VISS in Figure 7 as described in Section
3, and the apparent white noise in the model is actually the
out-of-phase variation due to the Earth’s velocity. For this
model we find i = 68.6 ± 1.1◦, which is more than 1σ in-
consistent with the prior, suggesting a strong preference in
the data for a lower inclination angle. The anisotropy for
this model is R = 0.64±0.03, which corresponds to an axial
ratio Ar = 2.14± 0.11. This is comparable in magnitude to
what has been observed for scattering towards other objects
(e.g. Coles et al. 2005; Frail et al. 1994).
If the scattering were truly isotropic, we would ex-
pect that each observation samples a single realisation of
this, and thus would randomly appear slightly anisotropic,
with an rms of Rrms ∼ 0.7(sd/sr)−1/6 (Romani et al. 1986;
Rickett et al. 2014). In our case Rrms ∼ 0.18, and from 23
epochs we would expect to observe Rrms/
√
23 ∼ 0.04. The
measurement is significantly larger than this, which suggests
that there is significant anisotropy in the scattering. We find
ψ = 86.8 ± 0.4◦, which is a rather close alignment with the
pulsar orbit. Given that the IISM is independent of the pul-
sar, ψ must be uniformly distributed over 180◦. So the prob-
ability of such alignment is only 3.6%. However including the
anisotropy greatly improves the fit and the accuracy of all
the derived parameters, so we have to assign the alignment
to chance.
Anisotropy of this magnitude, in the regime of strong
scattering, is expected to produce a set of reversed
sub-arclets distributed along a primary arc in the sec-
ondary spectra (e.g. Walker et al. 2004; Cordes et al. 2006;
Brisken et al. 2010). However, without fine sampling in the
dynamic spectra, this collection of arclets would together
appear as broad unfocussed power and may not have a
clear curvature. Indeed our analysis of the secondary spec-
tra failed to show any clear scintillation arcs, which may
be due to a combination of the sampling characteristics of
the dynamic spectra and the broadening of the arcs through
reverse sub-arclets. Future observations and studies of PSR
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Figure 7. Scintillation velocity, VISS as a function of orbital phase, φ for ∼6 years of PSR J1141−6545 observations at a frequency of
∼ 1400MHz. The orbital phase was calculated using the ω and ω˙ values measured in the pulsar timing model. VISS in this case is defined
at the scattering screen (IISM frame), because the distance to the screen was a parameter in the model. The best-fit anisotropic thin
screen model is shown as the red line, and the apparent white-noise in the model is due to the out-of-phase Earth’s velocity. The data in
each epoch have been scaled to the mean VISS and the model is scaled by κ to match. A colour version of this figure is available in the
online version of the journal.
J1141−6545 could be designed to maximise the detail in
the ACFs and secondary spectra to allow for an indepen-
dent measurements of the anisotropy and its time variabil-
ity, which could then be used in these long-term VISS models
to improve the i and vµ,⊥ measurements.
The reduced chi-squared value for the best models is
χ2r ∼ 2.3, and (as mentioned for the single-epoch models
as well) this is likely high because of model errors, such as
our assumption of a time-stationary anisotropy and IISM
component in vµ. Indeed the normalised harmonic coeffi-
cients in Figure 4 show some time variability that would not
be explained by the Earth’s motion or by changes to the
strength of scattering that would be taken into account by
scaling of each epoch. This random time-variability is likely
to be our largest source of noise and the major reason for
a large χ2r, but there may also be some contribution from
measurement errors on the scintillation parameters for ex-
ample. Obtaining independent constraints on the anisotropy
and IISM velocity from modelling high-resolution ACFs di-
rectly (e.g. Rickett et al. 2014) is the best chance for future
work to improve the quality of the fit.
6 DISCUSSION
Our modelling of the long-term scintillation of PSR
J1141−6545 shows that the dominant scattering region is
centred at a fractional distance of s = 0.276 ± 0.008 from
the pulsar, and that the scattering is slightly anisotropic
with an axial ratio of Ar = 2.14 ± 0.11. We were able to
provide an independent estimate of the orbital inclination
angle i = 61.3 ± 2◦ from the anisotropic thin screen model
using uniform priors on cos i, however this was inconsistent
with the value inferred from pulsar timing. We repeated the
fit with a Gaussian prior on the inclination angle, to obtain
improved measurements of the other correlated scintillation
parameters. The measured parameters from both of these
models, the derived anisotropy axial ratio Ar, the mass of
pulsar Mp, and the mass of the companion Mc are given in
Table 2. We also derive a new estimate of the pulsar distance
D and proper motion in celestial coordinates for the first
time, as described below in Section 6.1. We then discuss the
implications of these derived measurements for future tests
of GR in Section 6.2.
6.1 Pulsar distance and proper motion estimates
The distance to PSR J1141−6545 is currently poorly con-
strained, with the best estimate of D = 3 ± 2 kpc from
Verbiest et al. (2012) originating from a luminosity bias cor-
rection to an earlier lower-limit of 3.7± 1.7 kpc that was de-
rived from neutral hydrogen absorption spectrum (Ord et al.
2002a). There is also a lower estimate of 1.7 kpc from
the most recent Galactic electron-density model (Yao et al.
2017). This poor measurement precision is problematic for
our data because our derivation of VISS from the scintillation
MNRAS 000, 1–17 (2018)
The long-term scintillation of PSR J1141−6545 13
20 25 30
0
500
20 25 30
66
68
70
72
66 68 70 72
0
500
20 25 30
17
18
19
20
21
66 68 70 72
17
18
19
20
21
17 18 19 20 21
0
500
20 25 30
150
200
66 68 70 72
150
200
17 18 19 20 21
150
200
150 200
0
500
20 25 30
86
88
66 68 70 72
86
88
17 18 19 20 21
86
88
150 200
86
88
86 88
0
500
20 25 30
0.5
0.6
0.7
66 68 70 72
0.5
0.6
0.7
17 18 19 20 21
0.5
0.6
0.7
150 200
0.5
0.6
0.7
85 86 87 88
0.5
0.6
0.7
0.5 0.6 0.7
0
500
20 25 30
0.5
0.55
66 68 70 72
0.5
0.55
17 18 19 20 21
0.5
0.55
150 200
0.5
0.55
85 86 87 88
0.5
0.55
0.5 0.6 0.7
0.5
0.55
0.5 0.55
0
500
20 25 30
0.25
0.3
66 68 70 72
0.25
0.3
17 18 19 20 21
0.25
0.3
150 200
0.25
0.3
85 86 87 88
0.25
0.3
0.5 0.6 0.7
0.25
0.3
0.5 0.55
0.25
0.3
0.25 0.3
0
500
Figure 8. One- and two-dimensional posterior probability distributions for parameters of the anisotropic thin screen model, using a
Gaussian prior for the inclination angle i = 73 ± 3◦ (2σ result from Bhat et al. 2008). White dots in each two-dimensional distribution
mark the mean for the corresponding parameters. The angles Ω, i, and ψ are shown with units of degrees, while vµ,‖ and vµ,⊥ are in
km s−1. The mean and standard deviation for each parameter is given in Table 2, with additional derived parameters. Since vµ,‖ and
vµ,⊥ will include any IISM velocity, we inflate the uncertainty quoted in Table 2 by adding 10 km s
−1 in quadrature with the standard
deviation from this posterior.
parameters is proportional to
√
D. We accordingly fitted for
a scaling factor κ (see Section 3), which would absorb any
errors in the calculation of VISS, for example from an er-
ror in the assumed pulsar distance of D = 3kpc. However,
this scaling factor would also include systematic errors in
the measurements of ∆νd and τd, as well as any error in the
numerical relationship between ∆νd, the strength of scat-
tering, and sd derived by Cordes & Rickett (1998). This nu-
merical relationship is summarised by the AISS coefficient,
AISS = 2.78 × 104
√
2(1− s)/s km s−1 for the thin screen
model.
We have also chosen to scale each epoch of observations
to the mean VISS, which will primarily take into account
any epoch-to-epoch errors in the relationship between the
strength of scattering and ∆νd. In Section 2.3 we showed
that it was necessary to re-estimate ∆νd at each epoch be-
cause of inhomogeneities in the IISM on an AU scale. How-
ever we also know that the derivation of sd from ∆νd is
imperfect and can depend on the shape of the ACF, among
other factors. This was also noted by Rickett et al. (2014),
who found discrepancies between their ∆νd measurements
and the spatial scale inferred from measurements of the har-
monic coefficient KC2 with time. For our analysis, we intend
for our scaling of each epoch to take into account such dis-
crepancies with time, which may also come partially from
time-evolution in other parameters, such as the anisotropy.
However, we assume that the scaling factor for the mean
VISS, κ, represents the largest systematic error in the calcu-
lation of VISS, and we assume that this is from an error in
the pulsar distance D.
For the two best models, we show this scaling factor
κ and its error in Table 2. For our preferred model with a
Gaussian inclination angle prior, κ = 0.496±0.014, suggest-
ing a significant systematic error in the VISS. If this is indeed
a measurement of the error in pulsar distance, we can use
this to provide a new estimate. To do so, we first assume a
20% uncertainty on AISS, originating from a discrepancy of
approximately this magnitude between the spatial scale sd
derived from the measured ∆νd, and that derived from KC2
in this work and that of Rickett et al. (2014). We then calcu-
late the distribution for pulsar distance given that D ∝ 1/κ2
and assume a Gaussian distribution for κ (which is reason-
able, from Figure 8) with mean and standard deviation given
by the measurement in Table 2. We do this for both mod-
els (for comparison), and find that the distance is estimated
to be larger than the assumed 3 kpc, but that it is poorly
constrained by this method, D = 10+4−3 kpc.
If the pulsar is this distant, it may be surprising that
we observe significant anisotropy and localised scattering.
But while most pulsars that have been studied with scin-
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tillation are relatively nearby, there are examples of dis-
tant thin screens observed out to of order few kpc (e.g.
Putney & Stinebring 2006; Popov et al. 2016). Indeed, in
this work we have precisely measured the fractional distance
to a scattering screen, which would be placed at ∼ 2 kpc
even for the lower suggested pulsar distance (Verbiest et al.
2012; Yao et al. 2017). We find no clearly associated HII re-
gions for this line-of-sight in a search of the WISE catalogue
(Anderson et al. 2014) (the nearest likely region has a radius
8.6 arcmin centred ∼30 arcmin from the line-of-sight). Our
estimate shows that in principle scintillation can be used to
estimate pulsar distances, but in practice it is complicated
by the D ∝ 1/κ2 relationship and by the large uncertainty
for AISS. With improved scintillation modelling and under-
standing of the IISM along the line-of-sight, we expect that
the precision on distance estimates with this method can be
improved in the future.
Using our own distance estimate (for self-consistency)
with our measurements of the pulsar’s transverse velocity
vµ,‖ and vµ,⊥, and the longitude of the ascending node Ω,
we have been able to derive the pulsar proper motion in ce-
lestial coordinates (right ascension α and declination δ). We
used the same distance distribution derived from κ above,
and calculated the distribution of proper motions assum-
ing Gaussian distributions for vµ,‖, vµ,⊥, and Ω given by
the measurements and their uncertainties listed in Table 2.
The derived proper motions in α and δ are shown in the
table for both models, and are consistent because of the
large uncertainty. For the Gaussian i prior model, we have
µα cos δ = 2.9 ± 1.0mas yr−1 and µδ = 1.8 ± 0.6mas yr−1.
We believe that this is a fairly conservative estimate (be-
cause of the large uncertainty on D), but may be under-
estimated if other existing distance estimates are correct.
For example, taking the current lowest distance estimate of
D = 1.7 kpc from Yao et al. (2017) and assuming a 20%
uncertainty, we would have µα cos δ = 15 ± 4mas yr−1 and
µδ = 9± 3mas yr−1. However a proper motion of this mag-
nitude may soon be ruled out with improved pulsar timing
sensitivity.
The estimated proper motion is highly uncertain, pri-
marily because of uncertainty in the pulsar distance. For the
following section we will assume the values derived from our
new distance estimate. However, if in the future the pulsar
distance is constrained with higher confidence, the proper
motion should be re-derived from our measurements of vµ,‖,
vµ,⊥, and Ω in Table 2. Alternatively, given a measurement
of the pulsar proper motion in the near future from im-
proved timing precision, our independent measurements of
the velocity can be used to derived the distance.
6.2 Implications for timing and tests of
gravitational theories
PSR J1141−6545 is a highly relativistic pulsar in an ec-
centric, asymmetrical mass system, which makes it an ideal
laboratory for testing GR. Bhat et al. (2008) analysed the
gravitational radiation losses from this system through pul-
sar timing and noted that with increasing precision of the
orbital period-derivative, contamination from kinematic ef-
fects (e.g. the Shklovskii effect) and Galactic acceleration
would start to dominate the uncertainty in the near future.
The transverse velocity of the pulsar system is accompanied
by a radial acceleration, which produces a time-dependent
Doppler-shift to the pulsar spin frequency and orbital pe-
riod. This is the Shklovskii effect (Shklovskii 1970), and it
results in an apparent orbital period-derivative P˙ kinb that is
considered a contamination to the orbital period-derivative
measurement from gravitational radiation losses, P˙GRb . How-
ever, the exact level of this effect was unknown because the
proper motion was not measured via pulsar timing. We are
now able to determine the contribution from the Shklovskii
effect for the first time because our scintillation work is sen-
sitive to the transverse motion of the pulsar instead of the
radial motion probed by pulsar timing.
This Shklovskii effect can be calculated from P˙ kinb =
DPbµ
2/c = PbV
2
µ /cD (Bell & Bailes 1996). With the dis-
tance and transverse velocity provided by our model, we cal-
culate P kinb = 3.5× 10−15, which is ∼1% of the P˙b measure-
ment of Bhat et al. (2008) and well below the 6% measure-
ment precision. However, if we again assume the distance
from Yao et al. (2017), then P˙ kinb = 1.9 × 10−14. This is at
the level of the current expected timing precision of ∼2%
for P˙b. It is therefore important to further constrain the
system transverse velocity and/or distance from improved
scintillation modelling and/or pulsar timing. In addition to
the Shklovskii effect on P˙b, the proper motion changes the
projected geometry of the binary orbit, resulting in appar-
ent x˙ and ω˙. However, these kinematic contaminations are
far below the measurement precision for this pulsar and are
typically only observed in precisely-timed millisecond pul-
sars (Arzoumanian et al. 1996; Kopeikin 1996).
The ongoing long-term timing campaign on this sys-
tem will also benefit from the robust measurements of the
sense of the inclination angle and Ω obtained from this work.
These measurements will help understand relative contribu-
tions to the secular variations of the orbit from phenom-
ena such as relativistic aberration, spin-orbit coupling, and
proper motion. Measurements of Ω will also be helpful in
understanding the pulsar emission beam geometry with the
precessional evolution of its polarisation (Kramer & Wex
2009). Measurements of Ω combined with ω˙ from timing,
can be used to test preferred-frame effects predicted by a va-
riety of alternative theories of gravity (Wex & Kramer 2007;
Shao & Wex 2012).
7 CONCLUSION
We have presented new scintillation models for PSR
J1141−6545 using six years of data from the Parkes 64m
radio telescope. We found that like many pulsars, the scat-
tering shows some anisotropy, and is dominated by a single
scattering region centred at s = 0.276 ± 0.008. By account-
ing for anisotropy in the scattering, we measured the sys-
tem inclination angle of i = 61.3± 2◦, which is significantly
lower than the constraint of 73± 3◦ from pulsar timing (in-
ferred from the pulsar and companion masses derived with
GR), suggesting that a weakness in the model, such as time-
stationary IISM velocity and anisotropy may cause some
systematic errors. However, by using this pulsar timing con-
straint as a prior probability distribution, we have been able
to measure several astrometric parameters for the first time.
Using the significant annual and relativistic variations
observed in the scintillation velocity to constrain long-term
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models, we have been able to resolve the “sense” of the in-
clination angle, and we find that i < 90◦. This in turn
resolved the ambiguity in the direction of the proper mo-
tion velocity in pulsar coordinates. With our new mea-
surement of the orientation of the orbit in celestial coor-
dinates Ω = 24.8± 1.8◦, and estimate of the pulsar distance
D = 10+4−3 kpc, we have been able to estimate the proper
motion for the first time. We determine the proper motion
in right ascension µα cos δ = 2.9 ± 1.0mas yr−1 and in dec-
lination µδ = 1.8± 0.6mas yr−1, and we use these numbers
to calculate the contribution of the Shklovskii effect to P˙b.
This effect is the most significant source of contamination
for tests of GR, but our low proper motion suggests that it
exists only at the ∼1% level. Our improved accuracy and
precision for the pulsar’s transverse velocity is also impor-
tant for understanding the formation of this system.
Our distance measurement is model-dependent, with
the accuracy determined partially by the relationship
between the measured scintillation bandwidth and the
spatial scale, for which we have used the method
of Cordes & Rickett (1998). In the near future, wide-
bandwidth observing systems, such as that of the MeerKAT
radio telescope or the ultra-wideband low-frequency (UWL)
receiver for the Parkes 64m radio telescope, could provide
an experimentally-derived relationship through analysis of
the frequency-dependence on the scintillation bandwidth. In
this way scintillation studies may be used to give distance
measurements to pulsars with predictable modulation of the
scintillation timescale (e.g. relativistic binaries).
We may also soon see an independent proper motion
measurement from pulsar timing with improved observation
span and techniques, which would provide another method
for determining the pulsar distance in combination with our
velocity measurements. Future high-quality observations,
with the sensitivity and resolution to estimate the scatter-
ing anisotropy directly from the autocovariance functions of
individual dynamic spectra (as in Rickett et al. 2014) will
be valuable for improving the accuracy and precision of fu-
ture inclination angle measurements of scintillating binary
pulsars.
ACKNOWLEDGEMENTS
We thank Barney Rickett for useful discussion and for allow-
ing us access to code and data used for the earlier work in
Rickett et al. (2014). The Parkes radio telescope is part of
the Australia Telescope National Facility which is funded by
the Commonwealth of Australia for operation as a National
Facility managed by CSIRO. Work at NRL is supported by
NASA. MB is supported by the ARC Centre of Excellence
OzGrav under grant CE170100004.
REFERENCES
Anderson L. D., Bania T. M., Balser D. S., Cunningham V.,
Wenger T. V., Johnstone B. M., Armentrout W. P., 2014,
The Astrophysical Journal Supplement Series, 212, 1
Armstrong J. W., Rickett B. J., Spangler S. R., 1995, ApJ,
443, 209
Arzoumanian Z., Joshi K., Rasio F. A., Thorsett S. E., 1996,
in Johnston S., Walker M. A., Bailes M., eds, Astronomi-
cal Society of the Pacific Conference Series Vol. 105, IAU
Colloq. 160: Pulsars: Problems and Progress. pp 525–530
(arXiv:astro-ph/9605141)
Bell J. F., Bailes M., 1996, ApJ, 456, L33
Bhat N. D. R., Bailes M., Verbiest J. P. W., 2008, Phys. Rev. D,
77, 124017
Brisken W. F., Macquart J.-P., Gao J. J., Rickett B. J., Coles
W. A., Deller A. T., Tingay S. J., West C. J., 2010, ApJ,
708, 232
Church R. P., Bush S. J., Tout C. A., Davies M. B., 2006,
MNRAS, 372, 715
Coles W. A., McLaughlin M. A., Rickett B. J., Lyne A. G., Bhat
N. D. R., 2005, ApJ, 623, 392
Coles W. A., Rickett B. J., Gao J. J., Hobbs G., Verbiest J. P. W.,
2010, ApJ, 717, 1206
Coles W. A., et al., 2015, ApJ, 808, 113
Cordes J. M., Rickett B. J., 1998, ApJ, 507, 846
Cordes J. M., Rickett B. J., Stinebring D. R., Coles W. A., 2006,
ApJ, 637, 346
Damour T., Taylor J. H., 1992, Phys. Rev. D, 45, 1840
Davies M. B., Ritter H., King A., 2002, MNRAS, 335, 369
Fiedler R. L., Dennison B., Johnston K. J., Hewish A., 1987,
Nature, 326, 675
Frail D. A., Diamond P. J., Cordes J. M., van Langevelde H. J.,
1994, ApJ, 427, L43
Gaia Collaboration Brown A. G. A., Vallenari A., Prusti T., de
Bruijne J. H. J., Babusiaux C., Bailer-Jones C. A. L., 2018,
preprint, (arXiv:1804.09365)
Hotan A. W., van Straten W., Manchester R. N., 2004,
Publ. Astron. Soc. Australia, 21, 302
Jeffreys H., 1998, The Theory of Probability. Oxford
Classic Texts in the Physical Sciences, OUP Oxford,
https://books.google.com.au/books?id=vh9Act9rtzQC
Jennings R. J., Kaplan D. L., Chatterjee S., Cordes J. M., Deller
A. T., 2018, ApJ, 864, 26
Kaspi V. M., et al., 2000, ApJ, 543, 321
Kass R. E., Raftery A. E., 1995, Journal of the American Statis-
tical Association, 90, 773
Keith M. J., et al., 2013, MNRAS, 429, 2161
Kerr M., Coles W. A., Ward C. A., Johnston S., Tuntsov A. V.,
Shannon R. M., 2018, MNRAS, 474, 4637
Kopeikin S. M., 1996, ApJ, 467, L93
Kramer M., Wex N., 2009, Classical and Quantum Gravity,
26, 073001
Lyne A. G., 1984, Nature, 310, 300
Lyne A. G., Smith F. G., 1982, Nature, 298, 825
Manchester R. N., et al., 2010, ApJ, 710, 1694
Manchester R. N., et al., 2013, Publ. Astron. Soc. Australia,
30, e017
Narayan R., 1992, Philosophical Transactions of the Royal Society of London Series A,
341, 151
Ofek E. O., 2014, MATLAB package for astronomy and astro-
physics, Astrophysics Source Code Library (ascl:1407.005)
Ord S. M., Bailes M., van Straten W., 2002a, MNRAS, 337, 409
Ord S. M., Bailes M., van Straten W., 2002b, ApJ, 574, L75
Pitkin M., Romano J., 2013, MatlabMultiNest
Popov M. V., et al., 2016, Astronomy Reports, 60, 792
Putney M. L., Stinebring D. R., 2006, Chinese Journal of Astron-
omy and Astrophysics Supplement, 6, 233
Ransom S. M., Kaspi V. M., Ramachandran R., Demorest P.,
Backer D. C., Pfahl E. D., Ghigo F. D., Kaplan D. L., 2004,
ApJ, 609, L71
Rickett B. J., 1969, Nature, 221, 158
Rickett B. J., 1977, ARA&A, 15, 479
Rickett B. J., 1990, ARA&A, 28, 561
Rickett B. J., Coles W. A., Bourgois G., 1984, A&A, 134, 390
MNRAS 000, 1–17 (2018)
16 D. J. Reardon et al.
Rickett B., Johnston S., Tomlinson T., Reynolds J., 2009,
MNRAS, 395, 1391
Rickett B. J., et al., 2014, ApJ, 787, 161
Romani R. W., Narayan R., Blandford R., 1986, MNRAS, 220, 19
Shao L., Wex N., 2012, Classical and Quantum Gravity, 29
Shklovskii I. S., 1970, Soviet Ast., 13, 562
Stinebring D. R., McLaughlin M. A., Cordes J. M., Becker K. M.,
Goodman J. E. E., Kramer M. A., Sheckard J. L., Smith C. T.,
2001, ApJ, 549, L97
Tauris T. M., Sennels T., 2000, A&A, 355, 236
Thrane E., Talbot C., 2018, arXiv e-prints,
Veitch J., Vecchio A., 2010, Phys. Rev. D, 81, 062003
Verbiest J. P. W., Weisberg J. M., Chael A. A., Lee K. J., Lorimer
D. R., 2012, ApJ, 755, 39
Walker M. A., Melrose D. B., Stinebring D. R., Zhang C. M.,
2004, MNRAS, 354, 43
Wex N., Kramer M., 2007, MNRAS, 380, 455
Yao J. M., Manchester R. N., Wang N., 2017, ApJ, 835, 29
APPENDIX A: SCINTILLATION VELOCITY
MODELS
From the dynamic spectrum of intensity scintillations as a
function of frequency and time, one can derive a scintilla-
tion velocity VISS (Equation 3) that relates to the struc-
ture and velocity of the diffraction pattern drifting across
the observer. A line-of-sight velocity model for VISS is found
by integrating Veff (Equation 4) along the line-of-sight from
x = 0 at the pulsar and x = 1 at the observer, with a weight
that corresponds to the geometry of the scattering medium
(Cordes & Rickett 1998)
VISS =


1∫
0
η(x)|Veff(x)|αdx
1∫
0
η(x)xαdx


1/α
, (9)
where α = 5/3 for a Kolmogorov medium, and η(x) is the
mean-square scattering angle per unit distance and functions
as the weight for the integral to describe different geometries.
For uniform scattering along the line-of-sight η(x) = 1, while
for a thin screen η(x) is a delta function at x = s and the
expectation of VISS reduces to the line-of-sight velocity with
respect to the diffraction pattern Vlos, defined at the location
of the observer,
E(VISS) = Vlos = Veff/s, (10)
where E(VISS) denotes the expectation of the
observationally-derived VISS, and Veff is given in Equation
4. The transverse orbital velocity of the pulsar Vp has
components vp,‖ along the line of nodes, and vp,⊥ perpen-
dicular to this in the plane of the sky. These velocities
are defined as a function of orbital phase from the line of
nodes φ = θ + ω, where θ is the true anomaly and ω is the
longitude of periastron,
vp,‖ = −V0 (e sinω + sinφ)
vp,⊥ = V0 cos i (e cosω + cos φ) ,
(11)
where V0 = 2pixc/(sin iPb(1− e2)1/2) is the mean orbital ve-
locity, x is the projected semi-major axis in seconds, Pb is the
binary orbital period, e is the eccentricity, i is the inclination
angle. The true anomaly is first calculated by numerically
computing the eccentric anomaly, E from Kepler’s equation
E− e sinE =M , with mean anomaly M = (2pi/Pb)(t−T0),
where T0 is the epoch of periastron. The true anomaly θ is
then given by
θ = 2arctan
[√
1 + e
1− e tan
E
2
]
. (12)
The known contribution of the Earth’s velocity is then ro-
tated from celestial coordinates to the pulsar-frame coordi-
nates according to the longitude of the ascending node Ω for
the pulsar’s orbit(
vE,‖
vE,⊥
)
=
(
sinΩ cos Ω
cosΩ − sin Ω
)(
vE,α
vE,δ
)
(13)
where vE,‖ and vE,⊥ are the components of the Earth’s
velocity aligned with vp,‖ and vp,⊥ respectively, and Ω is
defined as a rotation East of North. This was also used
by Rickett et al. (2014) (but with the direction of the per-
pendicular axis reversed in their definition) to include the
Earth’s velocity and proper motion of PSR J0737−3039A
into their scintillation model. We then combine the pulsar
and Earth velocities, include the pulsar system transverse
velocity (vµ,‖ and vµ,⊥), and scale them appropriately by
the distance to the scattering region s
v‖(s) = svE,‖ + (1− s)(vp,‖ + vµ,‖)
v⊥(s) = svE,⊥ + (1− s)(vp,⊥ + vµ,⊥).
(14)
In the case of isotropic scattering where the angular
size of the pulsar orbit is compact enough to remain in the
scattering disk, the spatial scale sd is constant with orbital
phase (but it may change on longer time scales if the IISM
is inhomogeneous; see Section 2.3). Consequently, the decor-
relation bandwidth ∆νd is also constant with orbital phase
and the effective velocity is simply given by
Veff(s) =
√
v‖(s)2 + v⊥(s)2. (15)
However, for anisotropic scattering, sd depends on the
direction of VISS. To account for such scattering in PSR
J0737−3039A, Coles et al. (2005) considered the spatial
diffraction pattern as an ellipse. The pattern is then de-
scribed by a quadratic form Q(sd) = as
2
d,‖+bs
2
d,⊥+csd,‖sd,⊥,
where the coefficients a, b, and c are parametrised by the
axial ratio Ar of the ellipse and its orientation ψ with re-
spect to the coordinates of the pulsar orbit as defined above.
Rickett et al. (2014) used this anisotropy model for PSR
J0737−3039A but parametrised the quadratic coefficients in
terms of R = (A2r − 1)/(A2r + 1), which is bound between 0
and 1. If the orientation angle ψ is defined clockwise from the
line of nodes, then from Rickett et al. (2014) the coefficients
are
a = [1−R cos (2ψ)] /
√
1−R2
b = [1 +R cos (2ψ)] /
√
1−R2
c = −2R sin (2ψ)/
√
1−R2.
(16)
Finally, we introduce a scaling factor κ to the model,
which will account for any errors (for example an error in
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the pulsar distance D) in the calculation of VISS from the
dynamic spectrum (Equation 3). Our final model for the
effective velocity is then
Veff(s) = κ
√
av‖(s)2 + bv⊥(s)2 + cv‖(s)v⊥(s), (17)
which we use in Equation 9 with η(x) = 1 for the uniform
medium model and Equation 10 for the thin screen model.
This anisotropic scattering model can alternatively be
represented as a sum of five harmonics, which we used to
model each of the individual epochs. This model is described
in Section 3.1, but the full dependence on physical param-
eters for each of the harmonic coefficients in Equation 6 is
given below (Rickett et al. 2014)
K0 =[0.5V
2
0 (a+ b cos
2 i) (18)
+ a(vC,‖ − V0e sinω)2
+ b(vC,⊥ + V0e cosω cos i)
2
+ c(vC,‖ − V0e sinω)(vC,⊥ + V0e cosω cos i)]/s2d
KS =− V0[2a(VC,‖ − V0e sinω)
+ c(vC,⊥ + V0e cos i cosω)]/s
2
d
KC =V0 cos i[c(vC,‖ − V0e sinω)
+ 2b(vC,⊥ + V0e cos i cosω)]/s
2
d
KS2 =− cV 20 cos i/2s2d
KC2 =V
2
0 (−1 + cos2 i)/2s2d
where vC,‖ and vC,⊥ are the constant (for a given epoch)
components of the line-of-sight velocity, which will be dom-
inated by the pulsar’s proper motion, but also includes the
Earth’s velocity and any IISM velocity.
APPENDIX B: REPRODUCING OUR RESULTS
The raw data from the Parkes radio telescope that were
used for this work are available from the CSIRO data access
portal (DAP; https://data.csiro.au), and were processed
with a pipeline developed for the second PPTA data release.
This pipeline is used to produce TOAs and dynamic spectra,
and is briefly summarised in Section 2. The dynamic spectra
files that were produced from this pipeline, and the collection
of MATLAB codes used to analyse these dynamic spectra
for the results presented in this paper, are available from the
DAP at https://doi.org/10.4225/08/5ae7b7b1b65c8.
The code is presented for reproducibility and in gen-
eral is not intended to be used for other applications, how-
ever a brief description of each script and function is in-
cluded in README.txt, and some may be useful for
other scintillation studies. For example, we have included
a function (getDynspecParams.m) that may be used to
measure scintillation parameters for any dynamic spectrum
given as a two-dimensional matrix of intensity versus ob-
serving time and frequency, using the methods described
in Section 2.2. We have also included the scintillation ve-
locity model (vissmodel.m), which is described in Sec-
tion 3, and a script that numerically calculates the true
anomaly from MJD and then uses nonlinear regression to
fit the model to VISS derived from scintillation parameters
(modelDynspecParams.m).
The MATLAB code was executed in version 2017b,
and requires jd2date.m from the Astromatlab library
(https://webhome.weizmann.ac.il/home/eofek/matlab/;
Ofek 2014), MATLAB Multinest (Pitkin & Romano 2013),
and the “Image Processing”, “Statistics and Machine Learn-
ing”, “Signal Processing”, “Optimization”, “Curve Fitting”,
“Symbolic Math”, and (optionally) “Parallel Computing”
MATLAB toolboxes.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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